We present a comprehensive density functional theory+U study of the mechanisms underlying the dissociation of molecular hydrogen, and diffusion and clustering of the resulting atomic species on the CeO 2 (111) surface. Contrary to a widely held view based solely on a previous theoretical prediction, our results show conclusively that H 2 dissociation is an activated process with a large energy barrier ∼1.0 eV that is not significantly affected by coverage or the presence of surface oxygen vacancies. The reaction proceeds through a local energy minimum -where the molecule is located close to one of the surface oxygen atoms and the H-H bond has been substantially weaken by the interaction with the substrate -, and a transition state where one H atom is attached to a surface O atom and the other H atom sits on-top of a Ce 4+ ion. In addition, we have explored how several factors, including H coverage, the location of Ce 3+ ions as well as the U value, may affect the chemisorption energy and the relative stability of isolated OH groups versus pair and trimer structures. The trimer stability at low H coverages and the larger upward relaxation of the surface O atoms within the OH groups are consistent with the assignment of the frequent experimental observation by non-contact atomic force and scanning tunneling microscopies of bright protrusions on three neighboring surface O atoms to a triple OH group. The diffusion path of isolated H atoms on the surface goes through the adsorption on-top of an oxygen in the third atomic layer with a large energy barrier of ∼1.8 eV. Overall, the large energy barriers for both, molecular dissociation and atomic diffusion, are consistent with the high activity and selectivity found recently in the partial hydrogenation of acetylene catalyzed by ceria at high H 2 /C 2 H 2 ratios. © 2014 AIP Publishing LLC.
I. INTRODUCTION
Ceria (CeO 2 ) is a technologically important material with applications in fields as diverse as catalysis, 1 solid-oxide fuel cells, 2 and biomedicine. 3 Most applications of CeO 2 are linked to its redox properties, which include easy uptake, release, and diffusion of oxygen. The basic process underlying the redox chemistry of CeO 2 is the facile change in the oxidation state of the cerium ions (Ce 4+ ↔ Ce 3+ ). In catalysis, ceria acts typically as an active support by providing lattice oxygen atoms when required. For instance, the active role of ceria in the catalysis of metal/ceria systems for the water-gas shift reaction, 4, 5 and the preferential oxidation of CO, 6 has been widely reported. However, oxygen is not the only relevant species in the chemistry promoted by ceria. Surface hydroxyls are very common on ceria surfaces and are involved as surface intermediates in all of these important reactions.
The interaction of H 2 with ceria by temperature programmed reduction (TPR) has been widely used to obtain information on the system reducibility. 7, 8 Ceria can a) ruben.perez@uam.es be reduced by H 2 at temperatures higher than 600 K, and its reduction is strongly affected by textural and morphological properties. The process is generally thought to start with the hydroxylation of the surface-with concomitant reduction of Ce 4+ to Ce 3+ , and then to proceed with the incorporation of hydrogen in the bulk. Furthermore, hydroxylated ceria surfaces have been created by exposure to atomic H 9 and H 2 O, 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] with the presence of oxygen vacancies being responsible for the dissociation of water. Such hydroxylated surfaces have been characterized by high-resolution imaging studies using non-contact Atomic Force (nc-AFM) 13 and Scanning Tunneling (STM) microscopy 19 with the focus on the most stable CeO 2 (111) surface. Bright spots, commonly associated with hydroxyl groups on-top of a surface O atom, O surf , were observed to form a triangular-shaped defect centered on an O atom in the third atomic layer, O sub . In fact, such trimers are the most frequently observed OH species. Ceria has been applied in the formulation of various alkyne and alkadiene hydrogenation catalysts, acting as a promoter or stabilizer and, most commonly, as a carrier of noble metal nanoparticles. [24] [25] [26] However, recently, a stand-alone function in hydrogenation catalysis has been reported. 27 Ceria exhibits a high-conversion rate and a remarkable selectivity in the partial gas-phase hydrogenation of alkynes. With a propene selectivity of 91% at ca. 100% propyne conversion, 27 ceria is one of the most effective catalysts ever reported for this family of reactions. In contrast, other reducible oxides such as TiO 2 and ZnO are inactive under similar conditions. The high temperature and the large H 2 /alkyne ratio required to achieve the maximum conversion efficiency (e.g., 473 K and a 30:1 ratio for acetylene) suggest that H 2 dissociation is the rate-limiting step in the conversion of alkynes to olefins. 27 Numerous density functional theory (DFT) based studies have addressed the interaction of water with clean and reduced ceria surfaces. 18, 21, [28] [29] [30] [31] [32] [33] [34] [35] For CeO 2 (111), there is agreement that isolated water molecules (i) adsorb on top of a Ce 4+ atom, (ii) can be found in either a molecular state or as a hydroxyl pair, [32] [33] [34] [35] and (iii) dissociate effectively barrierless on surface O vacancies. 29, 32 The interaction of hydrogen with CeO 2 (111) has also been intensively investigated, 20, 22, 23, 28-30, 32, 36-38 with the molecular dissociation having received notoriously less attention. 28, 32 The dissociative hydrogen adsorption reaction producing hydroxylated surfaces is exothermic within the 0.4-1.4 eV per 1 2 H 2 range. Quantitative discrepancies are due to the different DFTbased approaches DFT with the generalized gradient approximation (GGA) and DFT+U (U is a Hubbard-like term describing the onsite Coulomb interactions)] adopted in these works, and to the different hydrogen coverages used in the simulations. For example, Chen et al., 28 using the PerdewWang (PW91) 39 exchange-correlation (XC) functional, U = 6.3 eV, and a ( √ 3 × 1) surface unit cell, reported a 1.4 eV per 1 2 H 2 reaction energy. In addition, their calculations suggest that the activation barrier for the hydrogen dissociation leading to the hydroxylation of the surface is small (∼0.2 eV). Marrocchelli et al. 32 did not investigate the H 2 dissociation reaction but the reaction mechanisms between the H 2 S and H 2 O molecules on the CeO 2 (111), and reported a high-energy barrier (∼2.2 eV) for the reverse reaction, that goes from the fully dissociated molecule (H + H + S) to the (H 2 + S) configuration, where an H 2 molecule has been formed from adsorbed H atoms on neighboring O sites. These calculations employed also a DFT+U approach but with the PerdewBurke-Ernzerhof (PBE) exchange-correlation functional, 40 a U = 5 eV, and a ( √ 3 × 2) cell. We note that a small H 2 dissociation barrier is in fundamental conflict with the large temperatures needed for ceria reduction, 7, 8 and the results of the alkyne hydrogenation catalyzed by ceria reported above, in particular, the high temperature and the large H 2 /alkyne ratio required to achieve the maximum conversion efficiency. 27 Moreover, the presence of surface oxygen vacancies has a detrimental effect. Clearly, a review of the mechanism of the H 2 dissociation (activation) on the CeO 2 (111) surface is necessary to achieve a consistent description of the hydrogenceria system.
In this work, using DFT(GGA)+U (U = 4.5 eV), we reexamine the H 2 /CeO 2 (111) system employing various surface unit cells, namely, ( √ 3 × 1), (2×2), (3×3), and (4×4), and considering different possible configurations for the adsorbate and the Ce 3+ ions resulting from the hydroxylation, in order to address the H 2 adsorption and dissociation on the clean surface.
The larger unit cells make also possible the study of the stability of OH trimers -three OH groups forming a triangle centered on an O sub atom in the third atomic layer -, in order to substantiate their identification as the triangular defects commonly observed in STM and AFM experiments. In addition, the possible influence of the exchange-correlation functional and the value of the U parameter has also been considered. We produce firm computational evidence that the barrier for H 2 dissociation on CeO 2 (111) is of the order of 1 eV, significantly larger (by ∼0.8 eV) than the value reported by Chen and co-workers. 28 Comparing our results with the above mentioned theoretical studies we are able to give a comprehensive view of the process and, to a certain extent, rationalize the discrepancies. Furthermore, using a (2×2) unit cell, the effect of the presence of surface oxygen vacancies has been investigated finding that the H 2 dissociation barrier remains about the same as for the clean surface. Finally, we also analyze the activation barrier for hydrogen diffusion, which has important implications in all of the chemical reactions on ceria where H is involved. 27, 41 
II. COMPUTATIONAL DETAILS
All of the calculations have been performed using the spin-polarized DFT+U approach 42 with (mostly) the PBE functional 40 as implemented in the Vienna ab initio simulation package (VASP, version 5.2.12). 43, 44 The spin and the Hubbard-like term (the difference between the Coulomb U and exchange J parameters from here below referred as U) were necessary to describe the localized Ce 4f states that appear when the surface is reduced by the presence of an oxygen vacancy or adsorbed H atoms. We used projector-augmented wave (PAW) potentials with Ce (5s, 5p, 6s, 4f, 5d) and O (2s, 2p) electrons included in the valence, and a plane-wave cutoff of 400 eV. Our chosen effective U = 4.5 eV value has been calculated self-consistently by Fabris et al. 45 using the linear response approach of Cococcioni and de Gironcoli 46 and is within the 3.0-5.5 eV range that provides localization of the electrons left upon oxygen removal from CeO 2 . 47 We have also performed selected calculations using the Perdew-Wang (PW91) 39 functional with U = 6.3 eV in order to compare our results with those in Ref. 28 . In addition, for H 2 molecular adsorption, we have also compared the PBE+U binding energy with that obtained by the non-local optB86b-vdW+U functional, 48 as implemented in VASP; it corresponds to a modified version of the non-local vdW-density functional by Dion et al. 49 The performance of different vdW-inclusive functionals is still to be fully assessed. 50, 51 However, the optB86b-vdW functional provides a good agreement between experimental adsorption energies and geometries and calculated values for benzene on several transition metal surfaces, a system considered as a benchmark. [52] [53] [54] [55] In the PW91+U and optB86b-vdW+U calculations, core electrons were replaced by PW91-and PBE-based PAW potentials, respectively.
The CeO 2 surface was modeled using a supercell containing a slab of six atomic layers (2 trilayers, 2TL) with calculated CeO 2 bulk equilibrium lattice constant (5.485 Å) out of which three were allowed to relax with the surface unit cell kept fixed during geometry optimization. The vacuum layer was about 10 Å. We studied the H 2 dissociation on the clean (111) surface for varying coverage quantified with respect to the exposed cerium atoms, θ = 1/16, 1/9, 1/4, and 1/2 H 2 ML with a (4×4), (3×3), (2×2), and ( √ 3×1) periodicity and a (2×2×1), (2×2×1), (3×3×1), and (6×6×1) Monkhorst-Pack grid, respectively. Selected calculations using thicker slabs have been performed with the smaller unit cells. In the (2×2) periodicity, results with 3TL (with the bottom TL fixed) did not change with respect to those for the thinner slab. In the case of the ( √ 3×1) unit cells, we have performed calculations with 3 and 4 TL in order to rule out the influence of slab thickness in the fundamental discrepancies between our results and those of Ref. 28 . The (3×3) cell has been considered for the study of the diffusion of atomic H. The structures were considered relaxed when all forces were smaller than 0.05 eV/Å and the convergence criterion for the energy was 10 −4 eV. We have also studied the dissociation of H 2 on a reduced CeO 2−x (111) surface with surface oxygen vacancies. The defective structure was modeled using a supercell containing a slab of nine atomic layers and a (2×2) periodicity (i.e., 1/4 vacancies per surface unit cell). In this system, one Ce 3+ ion is located in the second atomic layer and the other one in the fifth atomic layer (see Fig. 1(b) ), according to the latest published results for the lowest energy configuration of the system with respect to the Ce 3+ location upon creation of a surface vacancy. 56, 57 To locate the transition state structure for hydrogen dissociation we employed the climbing image nudged elastic band method (CI-NEB). 58 We characterized the transition structures by vibrational analysis. Harmonic vibrational frequencies and normal modes were obtained by diagonalizing the mass weighted force-constant matrix in Cartesian coordinates. A step of ±0.01 Å was set to calculate the force constants.
In the following, H 2 reaction (binding) energies are defined with respect to the total energy of the isolated H 2 molecule (or 1 2 H 2 , for the case of atomic H) and the total energy of the clean (or reduced) CeO 2 (111) surface.
III. MOLECULAR ADSORPTION: H 2 ON CeO 2 (111)
In a previous theoretical study 28 performed with the PW91+U (U = 6.3 eV) methodology using a ( √ 3×1) surface unit cell, several weakly bonded adsorption structures were reported, and a configuration with H 2 adsorbed on-top of O surf with the molecular axis perpendicular to the surface was found to be marginally more stable (by 0.01 eV) than others (see the top left panel of (U = 4.5 eV) at various coverages, namely, θ = 1/16, 1/9, 1/4, and 1/2 H 2 ML with a (4×4), (3×3), (2×2), and ( √ 3×1) periodicity, respectively. Initially, we placed the H 2 molecule parallel and perpendicular to the surface over different sites: atop a first-layer oxygen, O surf , a second-layer cerium, Ce, a third-layer oxygen, O sub ( Fig. 1(a) ), and also on bridging positions.
We found two physisorption configurations, H 2 -O surf and H 2 -Ce (Fig. 2) , with binding energies of a few tens of meV (Table I) for all coverages investigated. Both structures were also reported in the previous work by Chen et al., 28 but the relative stability was actually reversed with respect to our calculations. This discrepancy is clearly related to the XC functional and the U value as we did reproduce their results using their computational setup.
To estimate how important are the van der Waals interactions between molecule and surface, we have further relaxed the H 2 -O surf and H 2 -Ce (4×4) structures with the optB86b-vdW+U functional. Using this method, the binding slightly increases (∼50 meV, see Table I ) for both adsorption sites. This small energy increase is consistent with the low polarizability of the hydrogen molecule.
The binding energies for all H 2 /CeO 2 (111) structures considered in this work are very small and close to each other. A weak H 2 -CeO 2 (111) interaction implies a flat potential energy surface and, therefore, H 2 molecules can easily diffuse over the surface even at low temperatures.
IV. ATOMIC ADSORPTION: H, 2H, AND 3H ON CeO 2 (111)
We have re-examined the adsorption energy of isolated H atoms and explored the relative stability of pairs and trimers using different unit cells. Pairs are relevant for the study of the molecular dissociation and trimers have been identified as common defects in nc-AFM and STM studies. The adsorption of a single H atom has been already considered in the literature. 37, 38, 59 Our results confirm that adsorption on-top of O surf is the lowest energy configuration, with the site on-top of O sub ) being 1.6 eV higher in energy on a (3×3) surface unit cell. This same value has been obtained in Ref. 37 using the PBE+U (U = 4 eV) methodology and a ( √ 3×1) surface unit cell. Previous theoretical works have shown that when a single H atom is adsorbed on the clean CeO 2 (111) surface, its electron is transferred to a 4f state of a cerium ion, nominally reducing it from Ce 4+ to Ce 3+ . 37, 38 Hence, the location of the Ce 3+ ion is a new variable that needs to be explored in order to find the global minimum of the H/CeO 2 (111) system-a lesson that has been learned from investigations of near-surface oxygen vacancies on CeO 2 (111); Ce 3+ ions prefer next-nearest neighbor sites to the vacancies and rather in the outermost Ce-layer. 56, 57, [61] [62] [63] For consistency with previous theoretical calculations, we have also checked the adsorption of H on top of a Ce 4+ ion in the second atomic layer of a (2×2) unit cell. Our results confirm that this is a very unfavorable adsorption site (adsorption energy 3.42 eV larger than on the O surf site), and that no electron is transferred to the ceria surface. We have also studied the effect of the H coverage (θ = 1/16, 1/9, and 1/4 H ML), considering adsorption on O surf sites and allowing for two different locations of the Ce 3+ ion, namely, nearest and next-nearest neighbor (H-NN and H-NNN, respectively) to the OH group: the relaxed geometries at θ = 1/16 are illustrated in Fig. 2 and the computed binding energies as a function of H coverage are given in Table I . We note that the binding energies for an isolated species at θ = 1/16 and 1/9 are very similar, and that the adsorption energy is essentially independent on the location of Ce 3+ ions. For such low H concentrations (i.e., large unit cells), the system is able to easily relax the lattice strain induced by the more spacious Ce 3+ ion compared to its Ce 4+ ion counterpart. These results compare well with those reported in Ref. 38 for θ = 1/9 using a very similar computational setup. However, Penschke et al. 59 reported
600 eV) might explain the difference with our results. Upon increasing coverage up to 1/4 ML, the binding for the H-NN configuration may suggest that 1/16 > 1/9 > 1/4, but at higher 1/4 coverage, the H-NNN configuration is 0.14 eV more stable than H-NN. 60 In addition, we notice that the O atoms of OH groups protrude ∼0.4 Å with respect to the average position of the rest of O surf atoms. Hence, as θ increases from 1/16 to 1/4, counteracting lattice relaxation effects induced by the H adsorption and the localization of the charge transferred are likely to render the Ce nearest neighbor position to the OH group somewhat less stable than the nextnearest one for the Ce 3+ species at the higher concentrations. We discuss now the adsorption of nearest neighbor pairs (2H-O close , O-O distance ∼3.9 Å) and trimers (3H) on CeO 2 (111). These pairs have been modeled employing (4×4), (3×3), (2×2), and ( √ 3×1) cells, whereas trimers the (4×4) cell. In addition, for the 2H structure with (4×4), next-nearest neighbor pairs (2H-O far , O-O distance ∼6.7 Å) have been considered (Fig. 2) . In all cases, several configurations for the Ce 3+ ions have been examined. We limit the discussion to high-spin states because the difference between these states and any other spin state is less than 0.01 eV. Inspection of the results ( Table I ), reveals that the 2H-O close and 2H-O far structures with (4×4) periodicity are comparable in their stability. As the concentration of 2H-O close pairs increases while decreasing the cell size from (4×4) to (3×3), the corresponding adsorption energy does not noticeably change. A 2H-O close pair is energetically preferred by 0.07 eV/H than 2 isolated H atoms. In line with the case of isolated H atoms discussed above, a further coverage increase (from (3×3) to (2×2), and √ 3×1) is accompanied by effective repulsive interactions resulting in a net binding energy decrease. Our results for the two smaller cells compare well with that of Watkins et al. 29, 64 for a (2× √ 2) cell with PW91+U (U = 5 eV) (once the same energy reference is used, i.e., free H atom instead of 1 2 H 2 ). However, Chen et al. 28 using PW91+U (U = 6.3 eV) and a ( √ 3×1) cell obtained a value of −1.40 eV/atom (Table I). Using the same XC functional and U value, we have found this binding energy to be ∼0.2 eV larger, independently of the slab thickness. We note now, and discussed below, that the outward relaxation of the O surf atoms belonging to neighboring OH groups is larger than that for isolated species.
Motivated by the already mentioned scanning probe microscopy studies of the hydroxilated surfaces, 13 (Table I ). This result is consistent with the observed preference for H trimers instead of H pairs or scattered single H atoms. 
V. H 2 ACTIVATION ON CLEAN AND REDUCED CeO 2 (111) SURFACES
In Secs. III-IV we have characterized the initial and final steps of H 2 dissociation: the molecular and dissociative adsorption of H 2 . Now, we explore the reaction mechanism and energy barrier of this process. This has been already addressed by Chen et al., 28 that reported an energy barrier of 0.22 eV calculated on a ( √ 3×1) cell. We have carefully revisited this study. Although the coordinates of the atoms in the transition structure were not provided, we have inspected the structural models in their figures and constructed a model for their transition state (TS) structure and performed a CI-NEB calculation, including the TS structure as one of the images, using the same computational setup. Our results show that the proposed structure does not correspond to a transition state and the CI-NEB calculation converges to a quite different structure. This fundamental discrepancy with the published results prompted us to perform a systematic analysis of the dissociation process, considering different initial (H 2 -O surf and H 2 -Ce) and final structures (a few 2H-O close structures, including the global minimum in Fig. 2) . We have also addressed the influence of H coverage in the mechanism, using different unit cells, i.e., (3×3), (2×2), and ( √ 3×1); for the smallest( √ 3×1) cell, we have tested both PBE+U(4.5 eV) and PW91+U(6.3 eV).
We found that the homolytic bond dissociation process is actually quite complex involving an heterolytic-like transition structure along the path. We started the search of the minimum energy pathway (MEP) connecting two local minima (cf. Fig. 2) , namely, the H 2 -Ce molecular adsorption as the initial state, and the 2H-O close as the final state (cf. the first and last panels in Fig. 4) with a (3×3) unit cell. We tried different approaches (NEB, CI-NEB) with different parameters (e.g., spring constants, 5-7 images) but, in all of the cases, proper convergency to the MEP could not be achieved-a hint to the complexity of the path. However, we managed to identify among the resulting images, a particularly stable structure (second panel in Fig. 4 ), which we have actually characterized by vibrational analysis as a shallow local energy minimum (LEM-diss). This structure lies 0.76 (0.77) eV above the molecular adsorption state in the (3×3) [(2×2)] unit cell (Table I) . In this structure, the H 2 molecule has moved from the Ce adsorption site toward one of the neighboring O surf atoms, which protrudes 0.17 Å with respect to the O surf average height, breaking the symmetry of the initial configuration and approaching the ceria surface. This structure is characterized by a stronger interaction with the surface atoms and a weaker molecular bond. The distance between the protruding O surf and the closest H atom in the stretched molecule is 1.15 Å, already close to the final distance of 0.98 Å in the 2H-O close final state; the H-H distance has increased to 1.12 Å, from the 0.75 Å distance in the free molecule. The closest Ce-H distances are 2.26 and 2.42 Å (2.87 Å in the initial state).
In order to fully characterized the dissociation process and determine the energy barrier, we have taken the abovementioned local minimum structure (LEM-diss), and run two CI-NEB calculations with 5 images each, and start/end points at the local minima of the initial path. The converged results for the two CI-NEB calculations are displayed together in Fig. 5 (blue line) . They show that the dissociation process involves three different steps. First, there is a weakening of the molecular bond, induced by the larger surface-molecule interaction as the molecule approaches to the surface, resulting in the local energy minimum already discussed. From this point, the H-H separation increases, leading the system to a transition state (TS-diss) where one of the H atoms is attached to a O surf and the other one sits on a Ce site (third panel in Fig. 4) ; in the TS structure, therefore, only one Ce 3+ is formed. This TS-diss structure lies 0.99 eV above the molecular adsorption state. Finally, the H atom is transferred from the Ce site to a   FIG. 4 . Atomistic mechanism for the molecular dissociation. The ball-and-stick structures represent the top and side views of the initial configuration, the local minimum (LEM-diss), the transition state (TS-diss), and the final dissociated state found in the CI-NEB calculations for the 3×3 unit cell. Color code as Fig. 2 . neighboring H site, completing a full homolytic dissociation process of both H atoms. This last step is accompanied by the reduction of an additional Ce 4+ ion. In addition, we have also considered the dissociation process in the (2×2), and ( √ 3×1) cells (cf., Fig. 5 and Table I ). H 2 dissociation follows the same three steps already identified in the (3×3) cell. In fact, the minimum energy paths for the (2×2) and (3×3) are almost identical. In the ( √ 3×1) cell, the intermediate LEM-diss structure lies 0.09 eV higher than in the (3×3) cell, but the energy of the TS-diss structure is essentially the same (1.00 eV). This high energy barrier is in direct conflict with the low activation energy (0.22 eV) reported by Chen et al. 28 We have not been able to reproduce their transition state structure and low activation energy even using similar computational details [( √ 3×1) cell and PW91+U(6.3 eV)]. Instead, our PW91+U(6.3 eV) calculations show the same local energy minimum identified with PBE+U(4.5 eV), lying 0.84 eV higher than the adsorbed H 2 molecule (cf., Fig. 5 and Table I ). In contrast to the PBE+U(4.5 eV) result, the PW91+U(6.3 eV) energy path toward the second stage in the dissociation is almost flat, leading to very little change in the final barrier (0.85 eV).
In summary, our calculations with different functionals and surface periodicities -including the ones used by Chen et al. 28 -produce consistently a large (∼1.0 eV) energy barrier for H 2 dissociation on CeO 2 (111). This large value is, for example, more consistent with recent experimental observations, where a high temperature (523 K) and a large H 2 /C 2 H 2 = 30 ratio is required to achieve maximum conversion efficiency for acetylene hydrogenation. 27 Finally, we investigate whether the presence of an oxygen vacancy on CeO 2 (111) has any effect on the dissociation of the hydrogen molecule. For this study we have chosen a (2×2) cell with a surface oxygen vacancy. The corresponding global minimum for this defect structure is illustrated in Fig. 1(b) . The two Ce 3+ ions are located in the third and fifth atomic layer, respectively. 56, 57 Hence, the structure has two kinds of surface cerium ions: one Ce 3+ ion located in a next-nearest neighbor position with respect to the vacancy, and three equivalent Ce 4+ ions which are surrounding the vacancy in nearestneighbor positions. We have studied the dissociation process considering the H 2 -Ce initial molecular adsorption state on these two inequivalent Ce ions. Our results for the energy of the initial, final, and transition state structures are collected in Table III . For the adsorbed H 2 molecule there is no significant change in the binding energy. However, the final dissociated state, 2H-O close , is about ∼0.6 eV less stable near both kinds of ions compared to the clean surface. This is related to the need to accommodate the strain created by four different Ce 3+ ions on this relatively small unit cell. The dissociation process follows the same three steps discussed above for the clean surface, with a similar transition state structure and a reaction barrier ∼0.1 eV smaller (larger) when the molecule is initially adsorbed on a Ce 4+ (Ce 3+ ) ion. These findings would not explain the already mentioned detrimental effect of O surf vacancies to the conversion of alkynes to olefins; 27 it is likely associated with the reduction of the available O surf sites for the adsorption of the reactants. 41 
VI. DIFFUSION OF H ATOMS ON CLEAN CeO 2 (111)
We discuss now H atom diffusion over CeO 2 (111) surface, a process that may occur upon, for example, H 2 dissociation. To study this process, we have considered a single H atom chemisorbed on a (3×3) cell of clean CeO 2 (111), with the Ce 3+ ion located in a next-nearest-neighbor configuration (H-NNN in Fig. 2 ). We have tested several different paths connecting this initial structure and its equivalent translations. We have found that the lowest-energy path goes through a local adsorption minimum structure discussed in Sec. IV, where atomic H is chemisorbed on the O sub in the third layer instead of O surf and is by ∼1.6 eV less stable than H-NNN. The results of a CI-NEB calculation with 5 images for the first half of the reaction process, where the H atom moves from an O surf (initial state) to the local adsorption minimum on top of an O sub are shown in Fig. 6 . In the transition state structure, (TS-diff, Fig. 6 H atom moves from the O sub to a neighboring O surf is completely equivalent.
VII. CONCLUSIONS
We have presented a detailed DFT+U study of the mechanisms underlaying the dissociation of molecular hydrogen and the diffusion of the resulting atomic species on CeO 2 (111) surfaces. The hydrogen molecule is physisorbed on the surface, with a global minimum where the H 2 lies flat on top of a Ce 4+ and a very flat potential energy surface that allows the molecule to rotate and diffuse almost freely. van der Waals interactions between H 2 and ceria are small, increasing the molecular adsorption energy by ∼50 meV, without changing the relative stability of the adsorption sites. ions neighboring the OH groups, are energetically favorable. The distortions induced by the H adsorption, which are accompanied by the formation of the larger Ce 3+ ions in the outermost cerium layer, are cumulative with a total upward relaxation of ∼0.5 Å. The trimer stability and its normal displacement provide an explanation for the frequent experimental observation by nc-AFM and STM of bright spots on three neighboring O surf atoms and supports the assignment of this feature to a triple hydroxyl defect.
Our comprehensive study of the reaction mechanism that includes varying the H coverage (i.e., the cell size) and the methodology [PBE+U(4.5 eV), PW91+U(6.3 eV)], shows conclusively that the H 2 dissociation is an activated process with an energy barrier of ∼1.0 eV, which is not significantly affected by coverage or the presence of surface oxygen vacancies. This value, significantly larger than a previous theoretical prediction, is consistent with recent experimental results that point out to dissociation as the rate-limiting step in the high selective partial hydrogenation of alkynes on ceria substrates. 27, 41 Interestingly, the reaction proceeds through a local energy minimum where the molecule is located close to one of the surface oxygen atoms and the H-H bond has been substantially weaken by the interaction with the substrate. The transition state structure connecting this local energy minimum with the final state involves H-Ce and H-O surf bonds, where one of the two electrons of the initial H 2 molecule is transferred to the ceria surface, while the other one remains with the H attached to the Ce atom.
The path for the diffusion of H atoms on the surface goes through the adsorption on-top of the oxygen in the third atomic layer with a barrier of ∼1.8 eV. Such a large barrier, supports the presence of excess H as the key factor in the observed high selectivity. For instance, in the hydrogenation of acetylene, H atoms block the coupling of ethylene with C 2 H 3 species preventing oligomer formation. 41 Fundamental understanding of the H 2 dissociation on ceria surfaces is paramount for the interpretation of the chemical reactions involving hydroxyl intermediates on ceria-based catalysts. Clearly, both large activation barriers for H 2 dissociation and H diffusion cannot be ignored when considering reaction mechanisms.
Note added in proof:
We have just become aware of a recent publication by García-Melchor and Lopez 65 where a 1.08 eV barrier for H2 dissociation on CeO 2 (111) is predicted.
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